PB1-F2, a protein encoded by a second open reading frame of the influenza virus RNA segment 2, has emerged as a modulator of lung inflammatory responses but the molecular mechanisms underlying this are only poorly understood. Here we show that PB1-F2 inhibits the activation of NF-kB dependent signalling pathways in luciferase reporter assays. PB1-F2 proteins from four different viruses interact with IKKb in yeast two-hybrid assays and by co-immunoprecipitation. PB1-F2 expression did not inhibit IKKb kinase activity or NF-kB translocation into the nucleus, but NF-kB binding to DNA was severely impaired in PB1-F2 transfected cells as assessed by Electrophoretic Mobility Shift Assay. Neither the N-terminal 57 amino acid truncated forms nor the C-terminus of PB1-F2 were able to inhibit NF-kB dependent signalling, indicating that the full length protein is necessary for the inhibition.
Introduction
Influenza A viruses have a significant impact on the human population as demonstrated not only by the mortality associated with infection, but also by their economic impact on health care systems around the world. In addition to seasonal epidemics, influenza A viruses have the potential to cause pandemics due to the circulation of novel subtypes against which the human hosts have little or no previous immunity. Such viruses are derived either by reassortment between human and animal influenza viruses, or the zoonotic transfer of viruses from animals [1] .
The mechanisms of influenza pathogenesis involve an intricate interplay between virus virulence factors and host immune responses [1, 2] . Inflammation is an essential component of the innate immune response controlling early viral replication [3] . However, excessive production of proinflammatory cytokines and infiltration of neutrophils and macrophages can impair lung function, ultimately leading to death of the host, such that inflammatory response has emerged as critical in the development of lung pathology during infection with highly virulent 1918 H1N1 and H5N1 viruses [4] [5] [6] [7] .
The nuclear factor-kB (NF-kB) family of transcription factors has long been recognised as a key regulator of the inflammatory response [8] . A p65-p50 heterodimer is the primary target of the canonical pathway, which is associated with the inhibitory protein IkBa. The canonical NF-kB pathway is triggered by the engagement of pattern recognition receptors (PRR) including toll like receptors (TLRs) and retinoic acid inducible gene (RIG-I), and pro-inflammatory cytokines such as tumor necrosis alpha (TNFa) and interleukin-1 (IL-1). The recruitment of a set of adaptor proteins such as TIR-domain-containing adapter-inducing interferon-b (TRIF), myeloid differentiation primary response gene 88 (Myd88) and mitochondrial antiviral signaling protein (MAVS) culminates with the activation of the IkB kinase (IKK) complex and phosphorylation of IkBa, which results in its degradation and translocation of NF-kB dimers to the nucleus. Genes activated by NF-kB encode cytokines, chemokines, adhesion molecules and inducible nitric oxide synthase (iNOS) [9] .
Several influenza proteins have been associated with countering the host response to infection: NS1 which modulates the interferon response amongst other responses of the cell [10] ; the viral polymerase that binds to MAVS and inhibits IFNb production [11, 12] ; a polypeptide designated PB1-F2, encoded by a second open reading frame of RNA segment 2 [13] ; and a recently discovered polypeptide encoded in a ribosomal frame-shifted reading frame in RNA segment 3, PA-X [14] .
The role of NS1 has been the subject of extensive investigation [10] but the role of PB1-F2 is much less well understood and little is yet known about the action of PA-X. It is known that PB1-F2 expression from the 1918 H1N1 virus enhances the lung inflammatory response in an animal model of secondary bacterial infection characterized by infiltration of immune cells and a significant increase in the levels of pro-inflammatory cytokines [15] . This was also observed for other isolates, indicating that the pro-inflammatory properties are a general feature of different PB1-F2 proteins [16] .
The molecular mechanisms that mediate the induction of hypercytokinemia and immune cell infiltration by PB1-F2 are poorly understood, but a variety of biochemical properties have been assigned to it. PB1-F2 contains a mitochondrial targeting sequence interacting with the permeability transition pore complex resulting in cytochrome C release and the loss of the mitochondrial membrane potential [13, 17, 18] . It can also form pores in lipid membranes [19, 20] . Monocytic cells have been shown to be highly susceptible to PB1-F2 induced apoptosis [13, 21] and this might be associated with the development of lung immunopathology [22] . However, the pro-apoptotic properties of PB1-F2 are strain specific [16, 23] . The PB1-F2 polypeptide has been reported to increase virus polymerase activity as a result of the interaction between PB1 and PB1-F2 [24] , but in both a strainand cell-type specific manner [25] . PB1-F2 has also been linked to the interferon response. Mice infected with a virus encoding PB1-F2 with a N66S substitution exhibit a delayed type I IFN induction resulting in uncontrolled virus replication and a consequent increased inflammatory response [26] . A recent study showed that the deletion of PB1-F2 enhances IFNb expression in epithelial cells [27] . The inhibition of type I IFN response by PB1-F2 was reported to occur at the level of MAVS [27] [28] [29] thereby impacting on the activation of interferon regulatory factor-3 (IRF-3) [27] . However, other authors found a significantly higher IFNb expression in human respiratory epithelial cells infected with a wild type virus when compared to a PB1-F2 knockout virus. This increased IFN expression was dependent on the activation of NFkB [30] and occurred during in vivo infection [31] .
Given the limited understanding of the molecular mechanisms underlying the impact of PB1-F2 on the development of lung inflammatory response and the central role of NF-kB signalling pathways in the initiation and maintenance of inflammation, here we evaluated the consequences of expression of PB1-F2 proteins from different virus strains on cellular responses mediated by NFkB. We show that PB1-F2 inhibits activation of the canonical NFkB pathways in transfected cells. Importantly, PB1-F2 is able to interact with IKKb, the key kinase for both PRR and proinflammatory cytokines signalling cascades, consistent with our observation that NF-kB binding to its cognate DNA is impaired in cells expressing PB1-F2.
Materials and Methods

Cells
African green monkey Vero cells (European Collection of Cell Cultures) were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% foetal bovine serum (FBS), 50 U ml 21 penicillin, 50 mg ml 21 streptomycin and 10 mM glutamine.
Plasmids
The PB1-F2 open reading frames (ORFs) from A/Quail/Hong Kong/G1/97(H9N2) (Q/HK97), A/Puerto Rico/8/34(H1N1) (PR8), A/turkey/England/50-92/91(H5N1) (T/Eng) and A/ turkey/Turkey/1/2005(H5N1) (T/Tur) were amplified from viral RNA using the OneStep RT-PCR Kit (Qiagen) and cloned into pcDNA4 (Invitrogen) in frame with the carboxy-terminal myc tag. Similarly, DNA fragments encoding amino-terminal (residues 1-57) and carboxy-terminal (residues 58-STOP) PB1-F2 peptides from the same viruses were amplified and cloned into pcDNA4.
The reporter plasmid for NF-kB [p(PRDII)5tkD(239)lucter] [32] and expression vectors for TRIF, MAVS, IKKa and IKKb were kindly provided by Prof. S. Goodbourn (St. George's, University of London); pcDNA3 harbouring the human p65 gene was a kind gift of Dr. S. Ley (NIMR); pUNO containing the human MyD88 ORF was from Invivogen and the pSV-b plasmid containing a b-galactosidase gene under control of the SV40 early promoter was from Promega.
GST Recombinant Proteins
The p65 transcription activation domain (residues 354-551) was amplified by PCR using pCDNA3-p65 as a template, cloned into the pGEX4T-1 (GE Healthcare) plasmid and used to transform competent Escherichia coli strain BL21 (Stratagene); the expression of the recombinant p65 was induced with 1 mM IPTG for 2 hours. GST-p65 was purified using Glutathione Sepharose 4B (GE Healthcare) following the manufacturers instructions. GST-IkBa (residues 1-54) was kindly provided by Dr. K. Rittinger (NIMR).
Luciferase Reporter Assay
Vero cells (1610 5 cells/well, in a 24 well plate) were cotransfected with 100 ng of the NF-kB reporter plasmid, 25 ng of pSV-b and 300 ng of one of the pcDNA4-PB1-F2 plasmids or the empty plasmid, according to the Lipofectamine 2000 protocol (Invitrogen). Forty eight hours post-transfection, the cells were stimulated with 25 mg ml 21 Poly (I:C) (Sigma), 20 ng ml 21 TNFa (Peprotech), 1 mg ml 21 LPS (Sigma) or 10 ng ml 21 IL-1b (Peprotech) for five hours. After stimulation, the cells were lysed with 0.1 M potassium phosphate pH 7.8, 1% Triton X-100, 1 mM DTT, 2 mM EDTA, and the luciferase activity was measured using the luciferase assay system (Promega) according to the manufacturers protocol. Transfection efficiency was standardised against b-galactosidase activity measured using Galacton-Plus (Applied Biosystems).
In an alternative assay, cells were co-transfected with 100 ng of reporter plasmid, 25 ng of pSV-b, the indicated amounts of plasmids expressing the different components of the NF-kB pathway and 300 ng of the PB1-F2 constructs. Forty eight hours post transfection, the luciferase and galactosidase activities were measured as above.
Yeast Two-hybrid Assay Q/HK97 PB1-F2 ORF was excised from the pcDNA4 expression vector and subcloned into the pGADT7 and pGBKT7 plasmids in frame with the GAL4 activation domain (AD) and GAL4 binding domain (BD) respectively. Similarly, IKKa and IKKb were subcloned into the pGADT7 plasmid in frame with the GAL4 activation domain.
Saccharomyces cerevisiae strain AH109 cells were co-transformed with different combinations of pGADT7 and pGBKT7 constructs, using lithium acetate as described in the Clontech Yeastmaker TM Yeast Transformation System 2 user manual. Double transformants were selected by growth at 30uC on synthetic dropout (SD) medium lacking leucine and tryptophan (SD/2Leu/2Trp) and then streaked on SD/-Leu/-Trp/-His +10 mM 3-Amino-1,2,4-triazole (3-AT) plates. The colonies surviving this selection were replica plated on medium containing 40 mg ml 21 X-a-gal (Clontech).
Immunoprecipitation
Vero cells (2.4610 6 cells, 100 mm plate) were transfected with 12 mg of one of the pcDNA4-PB1-F2 plasmids or the empty plasmid and 12 mg of Flag tagged pcDNA3-IKKb. Forty-eight hours post-transfection, the cells were washed with phosphate buffered saline (PBS) and lysed with 500 ml of cell lysis buffer (Cell Signaling Technology) supplemented with a protease inhibitor cocktail (Sigma). Cellular extracts were centrifuged for 10 min at 130006g and supernatants were incubated overnight at 4uC with protein G Dynabeads (Invitrogen) previously coated with monoclonal mouse anti-myc antibody (Sigma, M4439). The Dynabeads were then washed 4 times with PBS +0.02% Tween 20 and finally resuspended in 16 SDS loading buffer (0.06 M Tris-HCl pH 6.8, 1.7% SDS, 6% glycerol, 0.8% b-mercaptoethanol, 0.002% bromophenol blue). After incubation at 95uC for 10 min, supernatants were resolved by sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were transferred to a polyvinylidene difluoride (PVDF) membrane. The immunoblots were blocked for two hours at room temperature with Tris Buffered Saline pH 7.4 (TBS, Fisher Scientific) +0.1% Tween 20 containing 5% non-fat milk and incubated overnight at 4uC with monoclonal mouse anti-myc and rabbit anti-Flag (Cell Signaling Technology, 2368) both diluted 1:1000 in TBS +0.1% Tween 20 containing 5% bovine serum albumin (BSA). After washing, the membrane was probed with goat anti-rabbit Dylight 800 (Thermo Scientific, 35571) and goat anti-mouse Alexa Fluor 680 (Invitrogen, A21058) diluted 1:2000 and analysed on the Odyssey Infrared Imaging System (LI-COR).
Immunoblotting
Vero cells (5610 5 cells/well, 6 well plate) were transfected with 3 mg of one of the pcDNA4-PB1-F2 plasmids or the empty plasmid. Forty-eight hours post-transfection, the cells were washed with PBS and lysed directly in 100 ml 16SDS loading buffer. Lysates were run on a SDS-PAGE gel, transferred to a PVDF membrane and non-specific binding was blocked as above. The membranes were incubated overnight at 4uC with monoclonal mouse anti-myc antibody diluted 1:1000 in TBS+0.1% Tween 20+5% BSA. After washing, the membrane was probed with goat anti-mouse Alexa Fluor 680 diluted 1:2000 and analysed as described for immunoprecipitation.
Immunofluorescence
Vero cells ( 1610 5 ) on glass coverslips were transfected with 300 ng of one of the pcDNA4-PB1-F2 plasmids or the empty plasmid and 300 ng of pcDNA3-IKKb. Forty-eight hours posttransfection, the cells were fixed with 4% formaldehyde, permeabilised with PBS +0.2% Triton X-100 and blocked with PBS +1% BSA. The samples were then incubated for 1 hour with monoclonal mouse anti-myc antibody diluted 1:100 and rabbit anti-Flag antibody, diluted 1:500 in blocking buffer, washed with PBS, and incubated for 1 hour with anti-mouse Alexa Fluor 594 and anti-rabbit Alexa Fluor 488 secondary antibodies (Invitrogen) diluted 1:500 in blocking buffer, all at room temperature. The coverslips were mounted in ProLong antifade medium (Invitrogen) and examined using a confocal microscope (Leica DMIRE2).
For assessment of p65 nuclear translocation, Vero cells were transfected with 400 ng of pcDNA4-PB1-F2Q/HK97 with Lipofectamine 2000. Forty-eight hours post-transfection, the cells were stimulated with 1 mg ml 21 LPS+800 ng ml 21 CD14 (R&D Systems) for 1 hour. Cells were then washed with PBS and fixed with 4% formaldehyde for 20 minutes. After permeabilisation, the cells were blocked and incubated for 1 hour with monoclonal mouse anti-myc antibody diluted 1:100 and rabbit anti-p65 antibody (Santa Cruz Biotechnology, SC-372) diluted 1:50. Coverslips were then washed with PBS, incubated with secondary antibodies and mounted as described above.
Kinase Assay
Vero cells were transfected with pcDNA4-PB1-F2Q/HK97 or empty plasmid and pcDNA3-IKKb as described for immunoprecipitation. Extracts were prepared using cell lysis buffer and IKKb was immunoprecipitated by incubating the lysates for 2 hours at 4uC with protein G Dynabeads coated with rabbit anti-Flag antibody. After extensive washing with cell lysis buffer and kinase buffer (20 mM Hepes pH 7.5, 10 mM MgCl 2 , 2 mM DTT, 1 mM Na 3 VO 4 , 2 mM NaF, 20 mM b-glycerophosphate, supplemented with protease inhibitor cocktail), the beads were resuspended in 20 ml kinase buffer containing 1 mM ATP and 2 mg of GST-IkBa or GST-p65. Finally, 0.0925 MBq 32 P ATP (originally 111 TBq/mmol) was added to each tube and the mix was incubated at 30uC for 5, 10 or 20 min. The reactions were stopped by adding 4 ml 66 SDS loading buffer and incubating at 95uC for 10 min. Samples were separated by SDS-PAGE and the phosphorylation of the substrates was assessed by autoradiography.
Electrophoretic Mobility Shift Assay (EMSA)
Vero cells expressing PB1-F2Q/HK97 were selected using the MACSelect TM K k System (Miltenyi Biotec 
Statistical Analysis
Statistical analysis was performed using GraphPad Prism6 software. Significant differences between groups were determined using one-way ANOVA followed by Dunnett's multiple comparison test.
Results
PB1-F2 Varies in its Ability to Modulate NF-kB Signalling
To evaluate the impact of PB1-F2 expression on NF-kB dependent signalling pathways, PB1-F2 ORFs from the prototype laboratory strain PR8, from a H9N2 virus isolated from quail (Q/ HK97), and those from two H5N1 viruses, both from turkeys (T/ Eng and T/Tur) but isolated 14 years apart and showing significant sequence diversity (Fig. S1 ) were cloned into a eukaryotic expression vector in frame with a myc tag. Each of the PB1-F2 constructs were transfected into a range of different cell lines. PB1-F2 was shown to be consistently detected by both Western blotting and immunofluorescence in Vero cells but inconsistently in other mammalian cell lines examined (data not shown), so Vero cells were chosen for this study.
A reporter plasmid containing a luciferase gene under the control of the PRDII element of the IFNb promoter, responsive to NF-kB activation [32] , was used to quantify the response of cells to both PRR and pro-inflammatory cytokine activated pathways (Fig. 1A) . Luciferase activity was strongly induced after the stimulation of empty plasmid transfected cells with Poly I:C, LPS, TNFa and IL-1b. The induction of the reporter was reduced in cells transfected with PB1-F2 plasmids derived from the avian influenza viruses indicating that PB1-F2 is able to inhibit NF-kB mediated signalling. In contrast to the results for PB1-F2 from avian viruses, no significant decreases in luciferase activities were observed in cells expressing PB1-F2 from PR8, the human prototype virus. The inability of PB1-F2 from PR8 to inhibit NF-kB signalling cannot be ascribed to lower level of protein expression, since the latter was comparable to PB1-F2 from Q/ HK97 and T/Eng (Fig. 1C) . Therefore, our results indicate that PB1-F2 from different viruses can vary in its ability to modulate NF-kB in transfected cells.
To extend these results, the ability of PB1-F2 to modulate NFkB activity induced by the overexpression of key components of signalling pathways initiated by PRR engagement was also examined (Fig. 1B) . Overexpression of TRIF, Myd88 or MAVS increased luciferase activity when compared to control cells but was reduced when co-expressed with PB1-F2 from Q/HK97; coexpression of PB1-F2 from T/Eng caused a reduction of luciferase activity stimulated by TRIF, but no significant reduction in luciferase activity was seen with PB1-F2 from T/Tur. PB1-F2 from T/Tur showed lower levels of protein expression (Fig. 1C ) compared with the levels seen for the other proteins, which may be associated with its failure to inhibit the induction of the reporter in the assay based on over-expression of signalling intermediates. As in the stimulation assays, no reductions were observed in cells coexpressing PB1-F2 from PR8.
Importantly, PB1-F2 showed no inhibition of signalling when reporters dependent on the activation of the transcription factors Signal Transducer and Activator of Transcription STAT1 and STAT2 (gamma activated site and interferon stimulated response element) were tested (Fig. S2) , indicating that the effect seen was not due to a general impairment of cell signalling pathways.
PB1-F2 Interacts with IKKb
Activation of the NF-kB canonical pathway relies on the activation of the IKK complex and consequent phosphorylation of IkB proteins and translocation of NF-kB molecules to the nucleus. Since several viral proteins have evolved sequence and structural homologies to host proteins in order to modify critical pathways of the immune response, we searched for sequence homology between PB1-F2 and IKKc, IKKa, IKKb, IkBa and the different members of the NF-kB family of transcription factors. The observation that PB1-F2 has some sequence similarity to both human and chicken IKKa ( Fig. 2A) and that in mammalian cells IKKa and IKKb form homo and heterodimers associated, or not, with IKKc prompted us to test whether the PB1-F2 protein is able to directly interact with IKKa and/or IKKb. First, a yeast twohybrid assay was carried out. Yeast expression vectors with PB1-F2 from Q/HK97 fused to either the GAL4 AD or the GAL4 BD and IKKa/IKKb fused to the GAL4 AD were produced and transformed into yeast cells in different combinations. Yeast cells co-transformed with AD-PB1-F2 plus BD-PB1-F2, used to show that the PB1-F2 constructs were able to dimerise [24] , survived selection in medium lacking histidine and induced galactosidase activity (Fig. 2B) . Similarly, the cells transformed with BD-PB1-F2 plus AD-IKKb were able to grow in selective medium and express galactosidase, in contrast BD-PB1-F2 plus AD-IKKa did not grow. These results indicate that PB1-F2 interacted with IKKb but not with IKKa.
The interaction between PB1-F2 and IKKb in mammalian cells was then tested following transfection of expression plasmids and immunoprecipitation (Fig. 2C) . To assess if the interaction with IKKb is a general feature of PB1-F2, the proteins derived from the viruses PR8, T/Eng and T/Tur were also included in this experiment. Immunoprecipitation of PB1-F2 using an anti-myc tag antibody resulted in the co-precipitation of IKKb with each PB1-F2 tested, suggesting that the different abilities to modulate NF-kB signalling pathways are not directly related to their ability to interact with IKKb. Instead, the amount of co-precipitated kinase seemed to be proportional to the amount of PB1-F2 present in the precipitate. PB1-F2 was not detected by Western blot in the whole cell input (4%), indicating low levels of protein expression.
Confocal microscopy of cells transfected with the different PB1-F2 constructs and IKKb showed areas of protein co-localisation (Fig. 2D) , further supporting the results obtained in the yeast two hybrid and co-immunoprecipitation studies.
PB1-F2 Inhibits NF-kB Activation Induced by IKKb Overexpression
To investigate whether PB1-F2 interaction with IKKb would result in impairment of NF-kB dependent transcription induced by IKKb, cells co-transfected with IKKb and the empty plasmid or the different PB1-F2 constructs were evaluated by luciferase assay (Fig. 3A) . Overexpression of IKKb resulted in robust activation of the PRDII reporter in cells transfected with the empty plasmid. However, in cells co-expressing the various PB1-F2s this activation was much lower, indicating that PB1-F2 proteins from each of the influenza viruses examined inhibit NF-kB activation induced by IKKb overexpression. This result raises the possibility that the absence of an impact of PB1-F2 PR8 in stimulated cells (Fig. 1) could be a consequence of additional effects of this protein within these signalling pathways.
Having established that PB1-F2 inhibits the ability of IKKb to induce NF-kB dependent transcription, the effect of PB1-F2 in cells overexpressing p65, the central transcription factor of the canonical NF-kB pathway, was evaluated (Fig. 3B) . In cells transfected with the empty plasmid there was a strong induction of luciferase activity, which was significantly reduced in cells coexpressing PB1-F2 Q/HK97, while the other 3 PB1-F2 proteins induced varied effects.
Full Length PB1-F2 is Necessary for Inhibition of NF-kB Dependent Signalling
Most avian isolates encode an intact PB1-F2, several swine isolates contain truncated forms of the protein (premature stops after 11, 25 and 34 codons), human seasonal A (H1N1) viruses isolated between 1950 and early 2009 carry a 57 amino acid truncated form [33] and the recent A(H1N1)pdm09 virus encodes only the first 11 amino acids of the protein. Therefore, we assessed whether an N-terminal truncated form of the protein (residues 1 to 57) or its C-terminal portion (residues 58 to the protein C terminus) are sufficient to inhibit NF-kB dependent signalling. The nucleotide sequences encoding these PB1-F2 fragments were cloned into the same expression vector as the full length protein and their expression in transfected cells was confirmed by immunofluorescence (Fig. S3) . Subsequently, they were examined using the NF-kB luciferase reporter assay in cells overexpressing IKKb. Cells transfected with the full length PB1-F2 proteins were tested in parallel for inhibition of NF-kB signalling (only PB1-F2 Q/HK97 is shown). Both the N-terminal portion (Fig. 4A ) and Cportion (Fig. 4B ) of PB1-F2 were unable to inhibit the induction of the reporter, implying that the full length protein is necessary to inhibit NF-kB dependent signalling.
NF-kB Binding to DNA is Impaired in Cells Expressing PB1-F2
In addition to its role in IkBa phosphorylation, IKKb phosphorylates p65 at Ser536 [34, 35] , an event necessary for optimal transcriptional activity [35] , and at Ser468 [36] , which has been associated with p65 ubiquitination and subsequent degrada- tion [37, 38] . To characterize better the molecular mechanism(s) employed by PB1-F2 to modulate IKKb function, the catalytic activity of IKKb was examined using an in vitro kinase assay in the presence or absence of PB1-F2 Q/HK97 with recombinant GSTIkBa and GST-p65 as substrates. IKKb was immunoprecipitated from cells transfected with empty plasmid or the PB1-F2 construct and the phosphorylation status of IkBa and p65 was evaluated after addition of 32 P ATP and incubation for different times (Fig. 5A) . Surprisingly, IKKb immunoprecipitated from cells expressing PB1-F2 showed increased catalytic activity, demonstrated by the enhancement of phosphorylation of both IkBa and p65. Furthermore, IKKb self-phosphorylation was also increased. Importantly, the same amounts of IKKb-Flag were detected in the immunoprecipitates from empty and PB1-F2 transfected cells (Fig. 5A) , indicating that the observed differences did not result from different quantities of kinase present in the reaction.
Phosphorylation of IkBa results in its ubiquitination and degradation, thus releasing the inhibitory effects on p65 and favoring the nuclear localisation of the p65-p50 heterodimer. To test if PB1-F2 inhibits this fundamental step of NF-kB signalling, the cellular localisation of endogenous p65 was evaluated by immunofluorescence. In untreated cells, p65 was detected both in the cytoplasm and in the nucleus (Fig. 5B) . As expected, stimulation of cells with LPS plus soluble CD14 [39] resulted in an obvious nuclear accumulation of p65. Importantly, the same increase in p65 nuclear staining was observed in cells expressing PB1-F2 Q/HK97, indicating that PB1-F2 does not inhibit the nuclear translocation of the p65-p50 heterodimer.
In the nucleus NF-kB dimers bind to promoters containing kB consensus sequences. The impact of PB1-F2 on NF-kB binding to its cognate DNA, analyzed by EMSA, was evaluated in Vero cells enriched for the expression of PB1-F2 using the MACSelect TM K k after transfection, protein complexes were immunoprecipitated from cellular lysates using a monoclonal anti-myc antibody. Proteins in the immunoprecipitates and in the whole cell lysates (4% input) were evaluated by Western blot using anti-Flag and anti-myc antibodies. D) Vero cells were transfected with 300 ng of the different PB1-F2 expressing vectors and 300 ng of pcDNA3-IKKb. The cellular localisation of the proteins was analyzed by confocal microscopy using anti-myc (PB1-F2, red) and anti-Flag (IKKb, green) antibodies. doi:10.1371/journal.pone.0063852.g002 System; cells transfected with the empty plasmid were treated in parallel. Cells were stimulated with LPS plus soluble CD14, nuclear extracts were prepared and incubated with a NF-kB probe. A shift of the probe was seen when extracts from cells transfected with the empty plasmid were used (Fig. 5C ). This shift was not observed in cells expressing PB1-F2, indicating that binding of NF-kB transcription factors to DNA is impaired in these cells.
Discussion
NF-kB signalling plays a central role in host defences against invading pathogens not only by initiating the innate immune response but also by orchestrating the development of acquired immunity. Being directly activated by PRR engagement, NF-kB induced genes are among the first to be transcribed in response to infection, and are a target for subversion of the host immunity by bacterial and viral pathogens. Several viral proteins have evolved to modify NF-kB signalling, impacting at different levels of its activation [40] ; we submit that PB1-F2 might be included in this group of viral proteins, being able to modulate NF-kB activation and interact with IKKb, the critical kinase of the canonical pathway.
PB1-F2 has a clear effect on virus pathogenesis that might correlate with an ability to alter NF-kB signalling. It was recently reported that infection of murine monocytic cells with an influenza virus lacking PB1-F2 (DPB1-F2) induced higher levels of IL-6 and IL-1b than with the wt virus [41] . Similar results have been obtained using ferret blood derived macrophages, where the absence of PB1-F2 resulted in significantly increased expression of IL-6, IL-1b and IL-8 [42] -all cytokines expressed under the control of NF-kB and potentially susceptible to modulation through PB1-F2.
PB1-F2 has been shown to influence the severity of secondary bacterial infection [15] and IFNc has been shown to inhibit antibacterial defense during recovery from influenza virus infection [43] . These observations might be linked if PB1-F2 interacts with IKKb since IKKb suppresses IFNc signalling in macrophages through inhibition of STAT1 activation [44] . Furthermore, a link between the effects of PB1-F2 on apoptosis in macrophages [13, 21] and IKKb is also possible since activation of NF-kB signalling is critical for macrophage survival after TLR and TNFR1 engagement [45, 46] .
Our finding that PB1-F2 is able to interact with IKKb offers a possible target for the modulation of NF-kB signalling by this virus protein but the molecular mechanism of NF-kB inhibition by PB1-F2 is not fully characterized.
In our experiments full length PB1-F2 was necessary for inhibition of the NF-kB dependent pathways. To dissect the impact of PB1-F2 in infected cells and its role in NF-kB signalling, without other constrains such as N40 expression [47] or interaction with PB1 [24] , generation of viruses with substitutions in PB1-F2 residues necessary for NF-kB inhibition and an examination of their properties in vitro and in vivo is required. However, we could not identify such residues, since single and multiple substitutions of amino acids in the region with highest similarity to IKKa did not alter the effect of PB1-F2 on NF-kB signalling in transfected cells (data not shown).
A recent study mapped the pro-inflammatory domain of PB1-F2 peptides delivered intranasally and identified residues L62, R75, R79 and L82 as essential for the induced lung immunopathology [48] . Additionally, these residues have been associated with enhanced pathogenicity in the context of bacterial secondary Figure 5 . PB1-F2 increases IKKb kinase activity but inhibits NF-kB binding to DNA. A) Vero cells were transfected with empty pcDNA4 or pcDNA4-PB1-F2Q/HK97 and pcDNA3-IKKb. Forty eight hours post transfection, cells were lysed and IKKb was immunoprecipitated using rabbit antiFlag antibody. The kinase assay was performed for the indicated times in the presence of 0.0925 MBq 32 P ATP, using GST-p65 and GST-IkBa as substrates. As a negative control (-C) non-transfected cells were used in the same experiment. Phosphorylation was detected by autoradiography. The levels of Flag-IKKb present in the whole cell lysates (input) and immunoprecipitates (IP) were assessed by immunoblotting using rabbit anti-Flag antibody. B) Vero cells were transfected with pcDNA4-PB1-F2Q/HK97 and stimulated with 1 mg ml 21 LPS +800 ng ml 21 CD14 during one hour or left untreated (medium only). The cellular localisation of endogenous p65 was visualized using a rabbit anti-p65 antibody (green). Cells expressing PB1-F2 were identified (arrow) using a monoclonal mouse anti-myc antibody (red) and nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI). C) Vero cells were transfected with empty pcDNA4 or pcDNA4-PB1-F2Q/HK97 and pMACS K k .II plasmid. Cells expressing K k were selected using magnetic microbeads coated with anti-K k antibody. These cells were stimulated with 1 mg ml 21 LPS +800 ng ml 21 CD14 for one hour or left untreated (medium only). Nuclear extracts were prepared and incubated with a NF-kB biotinylated probe. Complexes were resolved in TBE polyacrylamide gel, transferred to a membrane and biotinylated DNA was detected by chemiluminescence. doi:10.1371/journal.pone.0063852.g005
infection [49] . Three of these four residues are conserved in the alignment between PB1-F2 and IKKa ( Fig. 2A) . This region of similarity between PB1-F2 overlaps with part of the ubiquitin like domain (ULD) of IKKa. The ULD of IKKb has been implicated in the dissociation of the kinase from p65 and it is suggested that the association between IKKb and p65 may prevent the binding of p65 to its target DNA [50] . However, we were unable to demonstrate an increase in IKKb-p65 interaction in cells expressing PB1-F2 (data not shown).
Phosphorylation of p65 by IKKb at Ser468 [36] promotes its ubiquitination and degradation when bound to specific gene targets [37, 38] , thus playing an important role in the control of NF-kB responses [51] . It was considered that PB1-F2 might influence p65 ubiquitination by favoring the IKKb-mediated phosphorylation at Ser468 and induce p65 degradation. We found no evidence for increased ubiquitination of p65 in cells expressing PB1-F2 (data not shown). In this context, p65 ubiquitination occurs upon binding to kB sites [38, 51] and here we have shown that PB1-F2 is able to inhibit the binding of NF-kB to DNA.
PB1-F2 modulation of IKKb activity in the nucleus may account for our observed inhibition of NF-kB signalling in transfected cells. Experiments using sodium pervanadate, which induces IKK-independent IkBa phosphorylation and degradation, showed that NF-kB DNA binding activity is significantly reduced in IKKb 2/2 cells [52] . This observation is remarkably similar to the inhibition of NF-kB binding to DNA observed in PB1-F2 expressing cells and also suggests that IKKb may contribute to NF-kB signalling independently of its kinase activity. However the exact mechanism(s) by which IKKb controls the expression of NFkB dependent genes in the nucleus remains to be elucidated [52] . The ability of PB1-F2 proteins to modulate NF-kB signalling pathways did not correlate to their ability to interact with IKKb, suggesting that PB1-F2 may recruit other protein(s) to repress IKKb, and this may be differently regulated by the diverse PB1-F2 tested.
The observation that PB1-F2 Q/HK97 is able to inhibit NF-kB dependent transcription in cells overexpressing p65 raises the possibility that PB1-F2 from this virus might have a direct impact on this transcription factor, independent of its interaction with IKKb. However, we found no evidence for direct interaction between p65 and PB1-F2 by immunoprecipitation (data not shown).
PB1-F2 has also been shown to interact with MAVS [29] and this interaction is expected to inhibit NF-kB activation induced by RIG-I and melanoma differentiation associated protein 5 (MDA-5) engagement. Therefore PB1-F2 may impact at different levels of NF-kB signalling which is reminiscent of the ability of NS1 to modulate different steps of the type I IFN induction pathway [10] .
The results of deletions of PB1-F2 in the virus genome are conflicting. Goffic et al reported that deletion of PB1-F2 decreased NF-kB activation and subsequent reduction of IFNb expression in A549 infected cells [30] and in vivo [31] . In contrast, similar experiments carried out by Dudek et al. showed increased IFNb expression [27] . Conenello et al. [26] and Varga et al. [29] reported that PB1-F2 carrying a N66S substitution resulted in inhibition of IFN response both in vivo and in vitro. The reasons for these conflicting results may be associated with differences in the viruses used related to the level of N40 expression [47, 53] ; differences in interaction with other virus proteins such as PB1 [24, 25] , possibly to control the levels of PB1-F2 free in the cell to interact with host proteins such as IKKb; and variability in the ability of PB1-F2 proteins to modify the host signalling cascades, as we observe here.
It was recently reported that NS1 is also able to interact with IKKb, impairing IkBa phosphorylation and consequent translocation of NF-kB dimers to the nucleus [54] . It is remarkable that a virus has evolved two different proteins to interact with the same host kinase. This not only highlights the importance of regulating NF-kB signalling during influenza virus infection, but also raises several questions. Are these proteins able to interact with IKKb at the same time and form a complex? Do they synergize with each other? Do they interact with IKKb at different times post infection and, if so, do they compete for the same binding site on IKKb? The answers to these questions are beyond the scope of this report. However it is worth noting that the possible competition for the same binding site on IKKb would help to explain the conflicting results obtained with the PB1-F2 deletion mutants [26] [27] [28] [29] [30] [31] .
Preliminary data obtained in our laboratory indicated that deletion of the PB1-F2 ORF by mutation of the ATG and introduction of two STOP codons as described previously [22] did not increase NF-kB activation in influenza infected cells. However, the mutation of the PB1-F2 start codon has been shown to upregulate N40 levels [47] . In light of this and the role of NS1 interacting with IKKb, a mutant virus containing only the two stop codons and a deleted NS1 should be tested to unravel the potential role of the interaction between PB1-F2 and IKKb in virus infection.
In summary, in this report we show that influenza virus protein PB1-F2 is able to modulate NF-kB signalling and interact with IKKb. PB1-F2 inhibits NF-kB binding to DNA probably by impacting on IKKb activity in the nucleus through a yet unknown mechanism(s). Given the key role of NF-kB signalling in the initiation and resolution of inflammation, this observation may shed light on the mechanisms by which PB1-F2 might be able to induce immunopathology. Figure S1 Alignment of the PB1-F2 protein sequences tested in this study. Alignment of the PB1-F27 protein sequences using ClustalW (*denotes identical residues, : denotes conservative substitutions and denotes semi-conservative substitutions). (TIF) Figure S2 PB1-F2 does not have a general impact on cell signaling. A) Vero cells were co-transfected with a luciferase reporter plasmid containing six tandem copies of the IRF-1 gamma activated site (GAS) and either each of the different PB1-F2 expression vectors or the empty pcDNA4 plasmid along with the b-galactosidase control plasmid. Forty eight hours posttransfection, the cells were either induced or not induced with 1000 U ml 21 IFNc for five hours, cell extracts were made and the luciferase and galactosidase activites were measured. B) Vero cells were co-transfected with a luciferase reporter plasmid containing four tandem copies of the 9-27 IFN-stimulated response element (ISRE) and either each of the different PB1-F2 expression vectors or the empty pcDNA4 plasmid along with the b-galactosidase control plasmid. Forty eight hours post-transfection, the cells were either induced or not induced with 1000 U ml 21 IFNa for five hours, cell extracts were made and the luciferase and galactosidase activites were measured. Data are representative of at least 3 independent experiments. Bars represent average values and standard deviations of firefly luciferase activities from triplicate samples normalized to the expression of galactosidase. No statistically significant differences from control empty vector were observed (one-way ANOVA followed by Dunnett's test). (TIF) Figure S3 Expression of PB1-F2 constructs in transfected Vero cells. Vero cells in a 24 well plate, were transfected with 600 ng of each of the different PB1-F2 constructs and PB1-F2 expression was detected by immunofluorescence using a monoclonal mouse anti-myc antibody (Sigma, M4439). (TIF)
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